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The collision-induced dissociation (CID), electron capture (EC), and dissociative capture (DC) processes in
H,™ + He collision are investigated by the quantum-mechanical molecular-orbital close-coupling method in the
energy range of 0.02-10 keV /u. The studies are based on the ab initio calculation of the molecular structure data
for different H,* alignments with respect to the incident beam direction. The cross sections are compared with
the available experimental and theoretical results. The CID process dominates the EC and DC processes. The CID
cross sections sensitively depend on the molecular orientations at the time of dissociation in the energy region
considered. Dissociation is found to be more likely to occur when the molecular axis is aligned perpendicular to
the collision trajectory. The rotational couplings play an important role in dissociation processes.
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I. INTRODUCTION

Collisions of molecular ions with atoms are recognized
as fundamental processes in astrophysics, Earth’s ionosphere,
and in many industrial plasmas. In such collisions, various re-
actions can take place, including dissociation, electron capture,
excitation, ionization, and so on. Being among the simplest
multielectron ion-molecule collision systems, the H,"-He
collision system has been rather extensively experimentally
studied in the past, with particular attention being paid to the
collision-induced dissociation (CID) [1-3], electron capture
(EC) [3], dissociative capture (DC) [3], emission of radiation
[4,5], and target excitation [6]. Fedorenko ef al. [1] measured
the total proton-production cross sections for H,™ colliding
with He target at 5-300 keV. The dissociation of 2-50 keV
H,* ions into H* and H ions has been measured in inert-gas
targets by Williams and Dunbar [2] through detecting the
ion formation. Suzuki et al. [3] measured the dissociated
fragments, neutral particles, and ionized target atoms resulting
from the collisions of H,* ions with He, Ne, and Ar atoms in
the projectile energy range of 4-16 keV. The cross sections of
EC and CID with and without target ionization are derived
in this work by solving a set of the rate equations. Their
experiment for H,™ 4+ He collision shows that the CID cross
sections are larger than those of the EC and DC processes,
and slowly increase with decreasing of energy. This energy
dependence is different than that observed by Fedorenko et al.
[1] and Williams and Dunbar [2], in which the H* formation
cross sections decrease monotonously with decreasing energy.
At energies below 1 keV/u, no experimental results are
available for integral cross sections.

From a theoretical point of view, since one of the collision
partners is a molecular ion, the study of the H,* + He collision
system is much more complex than the atomic ion-atom
systems due to the increase in the degrees of freedom and
due to the more complex collision geometry. Consequently,
the number of reaction channels can increase significantly and
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the coupling of angular momenta becomes more complex.
The latter fact makes it necessary to use various decoupling
approximations to make the calculations tractable [7,8]. For the
H,*-He collision, more systematic theoretical research needs
to be carried out for energies below 1 keV /u, and very limited
theoretical studies have been performed in the intermediate-
and high-energy region. Green and Peek [9] performed the
Born approximation calculations for the breakup of H,™ ions
colliding with He for energies above 20 keV. In the few-keV
energy region, Furlan and Russek [10] have investigated the
EC, CID, and excitation processes using the straight-line
trajectory method based on the ab initio molecular structure.
In their calculations, however, only the lowest three molecular
states were included. Their CID cross sections are several times
smaller than the experimental results of Refs. [2,3], and the
EC results are about one order larger than the measurements
of Ref. [3].

In the present work we shall study the CID, EC, and DC
processes in the H,™ + He collision for different alignments
of the incident molecular ion using the quantum-mechanical
molecular-orbital close-coupling (QMOCC) methods [11,12]
in the energy range of 0.02-10 keV/u. The vibrational and
rotational motions of the molecular ion were neglected. The
ab initio molecular structure was calculated by the multirefer-
ence single- and double-excitation configuration interaction
(MRDCI) method [13,14]. With the calculated molecular
structure data, we were able to include in our QMOCC
calculation the following reaction channels (see Fig. 1):

Hj (1so,) + He(1s*) — Hy(1s 'S,) + HeT(1s)  (a)
— Hj (2po,) + He(1s*)  (b)
— H,2p°S,) + Het(ls)  (©) (1)
— Hf2pm,) +He(1s?)  (d)
— H;(lsag) + He(1s2s) (e).
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FIG. 1. (Color online) Potential energy curves for (a) H,™ and (b) H,.

The reaction channel (a) represents the EC process, reaction
channels (b) and (d) contribute to the CID process, reaction
channel (c) represents the DC process, and channel (e) is
excitation of He to its metastable 2s state.

The paper is organized as follows. In the next section we
briefly outline the theoretical methods used in the present
study. In Sec. III we present the ab initio molecular structure
data calculated by the MRDCI method. In Sec. IV we show the
calculated cross sections for the CID, EC, and DC processes
in the energy range 0.02-10 keV/u. In Sec. V we give our
conclusions.

Atomic units will be used throughout unless explicitly
indicated otherwise.

II. THEORETICAL METHODS

The QMOCC method in ion-atom collisions has been
described thoroughly in the literature [11,12]. For a collision
system involving diatomic molecules, the sudden approxima-
tion [7,8,15] is introduced for the rotational and vibrational
motion of the diatom. In other words, at nuclear velocities that
are sufficiently large, the diatomic molecule can be considered
to have fixed orientation and geometry during the excitation
process. Then the cross sections can be calculated in the
same way as in ion-atom collisions. The QMOCC method
involves solution of a coupled set of second-order differential
equations using the log-derivative method of Johnson [16]. In
the adiabatic representation, transitions between channels are
driven by radial and rotational (A" and A?) couplings of the
vector potential A(R), where R is the internuclear distance
vector. The allowance for the translation effects is made by
adding the quadrupole moment tensor terms into the radial and
rotational coupling matrix elements according to Ref. [17].

The coupled set of second-order differential equations is
solved and matched to the plane-wave boundary conditions
at a large internuclear distance, Ry, to obtain the K matrix.
Then the scattering matrix S is given by

Sy = +iK;1"'lI —iKy], )
where [ is the identity matrix and J is the total angular
momentum quantum number. Finally, the cross section for
transition from channel « to channel 8 is expressed in terms

of scattering matrix elements,

T
Oamsp = 73 D @ + Dldap — Sy, 3)
o g

where k, denotes the initial momentum of center-of-mass
motion.

III. MOLECULAR STRUCTURE CALCULATIONS

The MRDCI method [13,14] was employed to calculate the
molecular data (potential energy curves, and radial and ro-
tational coupling matrix elements) of the considered collision
system. In the molecular structure calculations, the correlation-
consistent, polarization valence, triple-¢-(cc-pVTZ)-type ba-
sis set [ 18] with a diffuse (252 p) basis was used for the H atom.
The cc-pVTZ-type basis set [18] with a diffuse (2s2p2d) basis
was employed for the He atom. The final contracted basis set
for the hydrogen atom was (7s, 4p, 1d)/[5s, 4p, 1d] and for
the He atom it was (8s, 4p, 3d)/[5s, 4 p, 3d]. Firstly, using the
same basis set, we calculated the potential curves for the H, and
H,* molecules as shown in Fig. 1. From the potentials of Hy ™
we know that the 2po, state is repulsive, and the 2pm, state
is very weakly bound with an equilibrium bond length greatly
larger than that of the H2+(1sag) ground state. If these excited
states are formed by vertical Franck-Condon transitions, the
H, ™ molecular ion would immediately dissociate. The Hy(2p
3%.,) state is also repulsive. As mentioned earlier and evident
from Fig. 1, the channel (a) represents the EC process, the
channels (b) and (d) represent the CID process, and the channel
(c) represents the DC process, while the channel (e) represents
excitation of the He target.

The diatomic ion-atom scattering differs from the atomic
ion-atom scattering by the presence of alignment-dependent
interactions. In the present calculations for the H,™ + He
collision system, the geometry was defined (see Fig. 2) by the
H-H internuclear vector, r, the internuclear radius vector from
the center of the H-H bond to the nucleus of the He atom, R,
and the angle 6 between them. The calculations were carried
out for the H-H separation of » = 2.0 a.u., which is the equi-
librium bond length of the H, ™ (1s0,) ground state and is valid
to describe the collisions of H,* and He. The angular variable
6 was chosen to be 0, 7 /4, and 7 /2. For & = 0 and 7 /2, the
molecular geometry has C,, symmetry, while for the other ori-
entations, the system’s geometry is described by C; symmetry.
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FIG. 2. (Color online) The molecular geometry.

The potential energy curves for the low-lying molecular
states of HeH, ™ ion, calculated in the present work, are shown
in Figs. 3(a)-3(c) for 8 = 0, 7w /4, and 7 /2, respectively. The
1%A, states for & = 0 and /2 and the 1?A’ state for 0 = 7 /4
represent the initial channels for the H, " (1so,) + He collision.
It should be noted that the states asymptotically corresponding
to the Ho*(2po,) + He(1s?) and H,(2p 3%,) + Het(ls)
configurations have an A; symmetry for 6 = 0, but acquire
a B, symmetry for & = 7 /2 according to the alignment of
these molecular states with respect to the collision vector R.
The opposite becomes true for the Hy*(2pm,) + He(ls?)
state. For other orientations, these configurations have both
the parallel and perpendicular projections with respect to R,
which represent the ¥ and IT components, respectively. We
note that for & = 0, because the B; and B, states have the
same potential curves, only the A; and B; states are included
in the QMOCC calculation. For 6§ = 7 /2, because the B and
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B, states are no longer symmetric, all of the Ay, Bj, and B,
states should be included in the basis. For 6§ = 7 /4, the A’ and
A” states should be included in the calculations.

In Fig. 4 we show some important radial coupling matrix
elements. It is evident that the positions of the peaks in radial
couplings are consistent with the avoided crossings of the
adiabatic potentials. The weak radial couplings 1?A4,-2%A,
and 1%A; — 3%A; (or 1?4’ -22A’ and 1?A’ — 32A’), which are
mainly responsible for EC and CID processes, are plotted by a
magnification factor of 10 to make it easier to see. Except for
6 = 7 /2, there are strong radial couplings between 2%A’ and
3%A’ states (or 2%A; and 3%A; states for & = 0) at about 3 a.u.
These couplings are responsible for the rearrangement of the
system between the EC and CID processes. At internuclear
distances larger than about 3.5 a.u., the 2%A’ state (or 2%A;
state for = 0) denotes the Ho(1s 'T ¢) T+ He™ configuration
and the 324’ state (or 324, state for 6 = 0) denotes the
H>*(2po,) + He configuration, but at smaller R, the 224,
32A’ states exert an avoided crossing at about R, ~ 3.15 a.u.
(R, =~ 3.33 a.u. for the 224, 3 %A, states at 6 = 0) resulting in
exchange of the configurations. For 6 = 7 /2, because the states
that asymptotically relate to the Hy*(2po,) + He and Hy(2p
’%,) + He™ configurations become B, states (see Fig. 3),
the system cannot be directly excited to these states by radial
couplings. For all collision angles, there exist series of radial
couplings between the H, + He™ configurations with the upper
H,"-He configurations (see series of radial couplings in the
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1
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FIG. 3. (Color online) Potential energy curves for HeH, ™. (a) 8 = 0;

(b) 6 =7 /4; (c) 0 = /2. The solid, dashed, and dotted lines represent

the 2A|, 2By, and 2B, states for # = 0 and 7 /2, and the solid and dashed lines represent the 2A” and 2A” states for § = 7 /4, respectively.

062719-3



C. H. LIU, J. G. WANG, AND R. K. JANEV

—_
W

—r .
|—— 1’42 AI(XIO)I; ;
== 174,34 (x10)8

—_
(=]
T

W

(=}

'
W

Radial coupling matrix elements (a.u.)

PHYSICAL REVIEW A 89, 062719 (2014)

T T T T T T T T

= 15| —— 1424 (<10) i
S| - P43 (x10)
g | - 2434
g 10f 2 o .
5 3444
o[- 4454 '
‘g 5k 2 0 g2 ! 4
= 5464 -i
& i
=N \
£ o L
o
=
Qo
(9]
s St
=
<
w

0

S5t

]

=

(]

g 10

(]

)

B

g st

g

1

o

=

]

Q

= 5k 0=m/2 ]
£

m 1 1 1 " 1 .(C)

0 1 2 3 4 5
R (au.)

FIG. 4. (Color online) Radial coupling matrix elements for HeH,*. (a) 6 = 0; (b) 0 = 7 /4; (¢) 0 = /2.

R intervals 1.7-2.7 a.u. and 2.8-3.8 a.u. in Fig. 4), which
promote the system to the upper states.

Figure 5(a) presents the rotational coupling matrix elements
between the 124, and 12B; states for 6 = 0 and n /2
orientations, and between the 12A4’-1?A" states for the 0 = 7 /4
orientation. For R > 1.5 a.u, the magnitudes of these matrix
elements are similar for all three orientations. For R < 1 a.u.,
however, the rotational coupling for the & = 7 /2 orientation
is significantly larger than for the other orientations. This
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means that it is easier to excite to the Hy ™ (2pm,) + He state
by rotational coupling for the perpendicular collision. The
transition to the 12B; (or 124”) state will lead to dissociation
of the H,™ molecule. For 6 = 0, the 1?A,-12B, rotational
coupling has similar magnitude as the 12A4;-12B; coupling,
and also induces the dissociation of Hp ™.

The rotational coupling matrix element between the
states 12A; and 1°B, [asymptotically converging to the
H2+(1sog) + He and H,"(2po,) + He configurations] for

0.8 |- 2 2
—1 Al-l B2(n/2)

0.6 |-

0.4

Rotational coupling matrix elements (a.u.)

)]

R (au.)

FIG. 5. (Color online) Rotational coupling matrix elements. (a) The 12A4,-12B, couplings for § = 0 and 7 /2, and the 12A’-12A” couplings

for 6 = /4; (b) the 12A,-1?B, coupling for § = /2.
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60 = m/2 is shown in Fig. 5(b). From Fig. 3(c) we can see
that the 1°B, potential curve is very close to that of the
1%A, state for R < 1.5 a.u. This induces a strong rotational
coupling between them. This coupling will play the main role
in the CID process [Eq. (1b)] for perpendicular collision. For
0 = 0, only radial couplings exist between the corresponding
configurations.

In the C; symmetry, because each A’ state has both X and
[T components, the rotational coupling matrix elements will
have the X-IT and I1-X terms. In the QMOCC calculations,
the rotational coupling matrix can be expressed as

1

R [(J F A)(J £ Ag+1)]'PAL8(Ag Ap £ 1),

“4)

where p is the reduced mass of the ion-atom pair, J is
the total angular momentum quantum number, and A is the
projection of the total electronic angular momentum along the
internuclear axis. A =0 and 1 for ¥ and IT states, respectively.
Azﬂ = (a|iL, |B) is the rotational coupling matrix elements.
Except at very low collision energies, the main partial waves
J are far larger than A. Then for the same partial wave,
the rotational coupling matrix elements for X, — I1g and
[T, — X terms should multiply a coefficient with the same
numerical value but different phase, so it is necessary to
distinguish the X, — Ilg term from the I, — Xz term of the
rotational coupling matrix elements.

By modifying the rotational coupling calculation program,
we calculated the X, —Ilg and Il, — Xz terms of the
rotational coupling matrix elements of the HeH,* system for
6 = /4. In Fig. 6 we show the rotational coupling matrix
elements of the lowest three states, which have dominant roles
for CID and EC processes. At R > 3.15 a.u., the X, — g term
of the 124’ — 22A’ coupling is almost zero because both the
12A” and 2?A’ states are mainly ¥ states. At R < 3.15 a.u., the
22A’ state rapidly becomes a IT state, and the numerical value
of the 124" — 22A’ coupling sharply increases. At R < 1.5 a.u.,
the ¥ projection of the 1?A’ state slowly decreases and the IT
projection increases. Accordingly, the numerical value of the
Yo — Ig term of the 124" — 2%A’ coupling slowly decreases.
At R > 3.15 a.u., the 2’4’ — 324’ coupling has a negative
value. At R < 3.15 a.u., the numerical value of the ¥, — Ig

Paﬁ::F

T T T T T T T
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2 2
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LY LY\
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02F /

Rotational coupling matrix elements(a.u.)
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term of the 224" — 3%A’ coupling rapidly decreased and the
phase changed. This is because the main configurations of
22A’ and 3%A’ states exchanged. The 2%A’ state from a main
Y state changed to a main IT state. At R < 2.3 a.u., the
22A’ — 32A’ coupling varies sharply because there exists a
strong anticrossing between the 3?4’ and 4°A’ states.

The 124’ — 32A’ and 124’ — 22A’ couplings are responsible
for the CID and EC processes at R greater than 3.15 a.u.,
respectively. But at smaller R, the 124’ — 2?A’ couplings play
the main role for the CID process because of the strong radial
22A’ — 3%A’ coupling at 3.15 a.u. It can be seen that the 1?4’ —
22A’ coupling and 12A;-12B, coupling of § = /2 show an
increasing trend with the increase of the collision angle 6 at
R < 3 a.u. This indicates that the perpendicular collision make
the projectile dissociation easier.

IV. CROSS SECTION RESULTS AND DISCUSSION

With the help of the computed potential energy curves
and coupling matrix elements discussed above, we calculated
the CID, EC, and DC cross sections in the energy range of
0.02-10 keV/u. The vibrational and rotational motions of
the incident molecule are neglected in the calculation. With
respect to the vibrational motion the sudden approximation is
reliable for energies above 10 eV /u, while with respect to the
rotational motion it is valid for energies above ~0.1 eV /u.
[7]. For & = 0, five 2A; states and one 2B; state have been
included in the calculations. For 0 = /2, four 2A, states, two
’B, states, and one ’B, state were included, while for 6 = /4,
the calculations included six 2A’ states and one 2A” state.

A. Collision-induced dissociation by electronic excitation

The excitation mechanisms involved in the CID process
include both electronic excitation to a repulsive state of Hy™
[mainly to the Hy"(2po,) state] and vibrational excitation to
the continuum states of H, ™. In the present calculations, only
the electronic excitation mechanism is involved. As mentioned
before both the 2po, and 2pm, states of H,™ are included in
the expansion basis and contribute to the CID process. The
CID cross sections calculated in the present work for different
molecular alignments are shown in Fig. 7. They are compared
with the experimental measurements of Williams and Dunbar

o
o
T

1T —ZB R IZA'—ZZA' 7
PA-3°A"
.............. 22A3%A!

<
'S
—T—

o
o
T

0.0 |-

Rotational coupling matrix elements(a.u.)

(b)7

R (a.u.)

FIG. 6. (Color online) Rotational coupling matrix elements for 6 = 7 /4. (a) X, — Ig; (b) IT, — Zg.
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FIG. 7. (Color online) The CID Cross sections for

H,*(2s) + He(1s?) collision. The present results are compared with
the experimental data of Suzuki et al. [1] and Williams and Dunbar
[2], as well as the calculations of Furlan and Russek [10].

[2] and Suzuki et al. [3], as well as the theoretical results
of Furlan and Russek [10]. Also shown in Fig. 7 are the
H* formation results of Ref. [3]. The results of Ref. [2] are
obtained by detection of the proton production, which would
also include the ionization of H,*. The ionization process is
expected to be considerably weak in the considered energy
region, because it requires much larger excitation energy than
the excitation of the H,™ to the 2po, and 2pm, states. The
measurements of Suzuki et al. [3] show that the ionization
process contributes no more than 20% to the H* production
for Hy™ energies in the range 4-16 keV. The experiment of
Guidini [19] on H,*-H, collision also shows that the ionization
cross sections are less than 5% of the total H production for
H, ™" energies smaller than 15 keV.

The present results for the &6 = /4 orientation, which
should be close to the averaged result over all orientations,
appear to merge well with the experimental results of Williams
and Dunbar [2], while there is a serious discrepancy between
our cross sections for any of the three orientations and the
measurements of Suzuki et al. [3]. The present results show a
monotonic increase of the CID cross section when the energy
increases. In contrast, the cross sections of Suzuki et al. [3]
show a slowly decreasing trend with increasing the energy,
with a magnitude larger than the present calculations for any of
the selected orientations and the experimental results of Ref.
[2]. We note that in the experiment of Martinez and Yousif
[20] on Hy*-Ar collision, the energy dependence of the H
production cross section is also different than that of Suzuki
et al. [3]. The magnitude of their result [20] is smaller than that
in Ref. [3], and the discrepancy becomes larger with decreasing
the energy.

Several reasons may contribute to the discrepancy between
the experimental and theoretical results. The main reason may
be the fact that the CID process is dependent on the initial
vibrational state of the H,* ion. In our calculations, only
the ground vibrational state of H,™ was considered, while
the experiments are usually performed with H,™ projectiles
having a distribution of vibrational excited states. As Martinez

PHYSICAL REVIEW A 89, 062719 (2014)

and Yousif [20] have pointed out, the different population
of these states in the ion source depends on the collisional
history of the ions, and will result in disagreements between
different experimental measurements. For collision energies
of 1 keV, Lindsay et al. [21] have proved experimentally that
the dissociation cross section from the v = 5 vibrational state
is about two times larger than that from the ground vibrational
state of Ho*. This is a mere consequence of the fact that the
vertical transition energy from the v = 5 vibrational level to
the potential energy curve of the 2po, state is significantly
smaller than the one for transition from the v = 0 level.

Another possible reason for the discrepancy between
present theoretical results and experimental data could be
that, in the experiment, both the electronic excitation and
the excitation to the vibrational continuum could contribute
to the measured CID cross section. However, it was proven
experimentally [20,22] that the dissociation process through
excitation of the vibrational continuum is not important for
energies above 0.2 keV /u, and the electronic CID is orders of
magnitude larger than that of vibrational CID.

Furthermore, in the experiment contribution to the CID
process may come not only from the excitation of 2po, and
2 pr, states of Hy ™, but also from excitation of higher Rydberg
states of H, ™. However, the excitation of higher Rydberg states
would require collision energies higher than those required for
excitation of the 2 po, and 2 prr,, states of H, . Our calculations
show that the contribution of the 2 prr,, state gives less than 30%
to the total CID cross section at 10 keV /u. With decreasing
the energy, the contribution of the 2 pr,, state slowly decreases.
This indicates that the contribution to the CID process from the
higher repulsive states of Ho™*, even when the corresponding
energy thresholds are reached, would be much smaller than
that coming from the excitation of the 2po, state. However,
the situation changes when H, * is initially in a high vibrational
state. The experimental study of the proton-production process
inH, ™ + He collisions at 4 keV by Jaecks et al. [23] has shown
that when H,* is initially in a high vibrational state dominant
contributions to the CID process come from the 1s0,—2pm,
and 1so,— 3do, excitations.

In the theoretical work of Furlan and Russek [10], the
calculations are limited to a three-state approximation, in
which they include only the lowest three molecular states
asymptotically converging to the H,*(1so,) + He, Hy(Is
'S g) + He*, and H, " (2po,,) + He configurations. The results
are obtained by averaging the calculated results for the 0, 77 /6,
7 /3, and 7 /2 orientations. Their CID cross section is several
times smaller than the result of present calculations as well
as the experimental results [2,3]. They attribute the discrep-
ancy with the experimental measurements to the process of
polarization-induced vibrational dissociation, pointing out that
this process should contribute considerably to the experimental
dissociation results. But as we have mentioned previously, the
vibrational dissociation is not expected to be important in the
keV region [20,22]. Using the same three-state approximation,
we did the calculation and obtained CID cross sections similar
to the present multistate results in the considered energy
region. Therefore, the observed discrepancy has to be a result
of some numerical problems in the calculations of Ref. [10].

The CID cross sections are several times larger than
those for the EC and DC processes (see Figs. 7-9). The
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present calculations show that the dissociation process strongly
depends on the molecular alignments. For energies above
5 keV/u, the CID results with different alignments differ
weakly with each other. With the decrease of collision energy,
the CID results decrease relatively slowly for perpendicular
collision (6 = 7 /2), but for the & = 0 geometry the CID cross
section decreases rapidly in the considered energy range. As
mentioned earlier, in the case of perpendicular collision, the
rotational couplings play a dominant role in the CID process.
The initial state 1?4, is strongly rotationally coupled with
the 1?B, state [see Fig. 5(b)], which asymptotically correlates
with the H,*(2po,) + He state and contributes to the CID
process. There are two molecular states, 3%A; and 12B, that
asymptotically correlate to the Hy ™ (2pm,) + He state, which
also contributes to CID. The initial state is weakly radially
coupled with the 224, state at small internuclear distance;
the latter, however, is strongly radially coupled with the 324,
state at about 2 a.u. [cf. Fig. 4(c)] and will populate the 3?4,
state in the receding stage of the collision. The 12B state is
rotationally coupled directly with the initial state [cf. Fig. 5(a)],
and contributes to the population of the 2pm, state. In the
6 = 0 collision geometry, the initial state can be coupled
with the 324, state only indirectly by radial couplings, which
weakly populate the 2po, state. The 12B; state is weakly
populated by the 12A-12B; rotational coupling. For collisions
at 0 = 7 /4, both the radial and rotational couplings contribute
to the excitation of the 2pao, state, and the cross section lies
between the results for 6 = 0 and 6 = 7 /2 geometries.

B. Electron capture

In Fig. 8 we present the EC cross sections for the
selected three collision geometries, corresponding to the Hp(1s
'2,) + He™ exit channel. In the C,, symmetry this asymptotic
configuration correlates with the 224, state, while in the
C, symmetry it correlates with 2°A’ state. Except for the
perpendicular collision geometry, the initial state is weakly
radially coupled with the 2?4, or 2°A’ state at small R.
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FIG. 8. (Color online) The EC Cross sections for
H,*(2s) + He(1s?) collision. The present results are compared with
the calculations of Furlan and Russek [10] and the experimental
measurements of Suzuki et al. [1]
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However, the states 22A; and 2’4’ are strongly coupled,
respectively, with the 324 and 3%A’ states [that asymptotically
correlate with the Ho"(2po,) state] at about 3 a.u. The
224, — 3%A| and 2?4’ — 3%A’ radial couplings at about 3 a.u.
are very sharp and can be approximately treated as diabatic,
so the 124’ — 22A’ radial and rotational couplings at smaller
R do not have apparent influence on the EC process, but
mainly contribute to the CID process. The weak 124’ — 324’
(or 12A,-2?A, for # = 7 /2) radial couplings at R < 3 a.u.
and other couplings with the 3%A’ state (or 2?A, state for
6 = 1 /2) contribute to the EC process directly. The strong
rotational couplings have no apparent influence on the EC
process. The EC cross sections are, therefore, several times
smaller than the CID cross section, and they weakly depend
on the collision alignments. The EC cross sections exhibit
some oscillation structures, especially pronounced for energies
below ~1-2 keV /u. These structures are induced by the strong
22A, — 3%A; (or 3?°A;-4%A;, 3°A’-42A") radial coupling for
0 =m/2(or 0 =0, w/4)at about 2 a.u.

The EC result of Furlan and Russek [10], also shown in
Fig. 8, is more than five times larger than the results of the
present calculations as well as the experimental results of Ref.
[3] (see Fig. 8). Using the same three-state approximation that
was used in Ref. [10], we obtained the results which are a little
larger (no more than three times for £ > 200 eV /u) than the
present results. The present EC results for any of the selected
orientations are close to the experimental results of Suzuki
et al. [3] in the overlapping energy region (above 2 keV /u).
Below this energy, however, the present cross section for the
6 = 0 orientation decreases with decreasing the energy much
faster than for the other two orientations.

C. Dissociative capture

In Fig. 9 we present the DC cross sections for the selected
three orientations of the collision velocity vector. The DC
process is related to the electron capture to the Hy(2p 3%,)
dissociating state. The present results are compared with the
experimental measurements of Suzuki et al. [3]. Similarly as

F T T T T T
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10° 3 P
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=
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3 107t
¢
© 3
107 F
1074 ..2 ..3 ' .....4
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Energy (eV/u)
FIG. 9. (Color online) The DC Cross sections for

H,*(2s) + He(ls?) collision. Experimental
Suzuki et al. [1].

results are from
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in the case of the CID process, our DC cross sections decrease
with decreasing the energy, while those of Ref. [3] have an
opposite energy behavior. One should note, however, that very
large uncertainties are associated with the experimental cross
section values. It should be noted in Fig. 9 that the cross
sections for the & = n/2 and 8 = 7 /4 orientations have
similar magnitudes in the entire energy range considered, while
the cross section for the 6 = 0 orientation is significantly
smaller, but has a similar slope of decrease. Furhan and
Russek [10] did not give the DC cross section because their
three-state approximation did not include the corresponding
configurations.

V. CONCLUSIONS

In the present work we have studied the CID, EC, and
DC processes in Hy™ + He collisions using the QMOCC
method in the energy range of 0.02-10 keV /u. The ab initio
molecular structure data, used in the QMOCC calculations,
were obtained by the MRDCI method for different orientations
of the H,™ molecular axis with respect to the direction of
collision velocity. Only the mechanism of electron excitation
to a dissociative electronic state is included in the CID process
in the present calculations. Our calculations show that the CID
is the dominant process in this collision system, especially in

PHYSICAL REVIEW A 89, 062719 (2014)

the low-energy region. The rotational couplings play a very
important role for the CID processes. The magnitude of the
present averaged CID cross sections for different orientations
is close to the experimental results of Williams and Dunbar
[2], but is smaller than the measurements of Suzuki et al.
[3]. The discrepancy is likely to be due to the fact that the
initial vibrational state of the H,™ ions is different in different
experiments and the theoretical calculations. The theoretical
CID cross section of Furhan and Russek [10] by a three-state
approximation is several times smaller than the present results
and the experimental measurements, but their EC results are
larger than the present calculations. The CID cross section
sensitively depends on the molecular alignment, especially in
the low-energy region. The dissociation is strongly favored
when the molecular ion is aligned perpendicularly to the
collision velocity direction. The dependence of the EC and
DC cross sections on the orientation of the H,™ molecular
axis with respect to the collision velocity vector is somewhat
weaker than for the CID process.
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